Desulfovibrio vulgaris cytochrome c 3 is a 14 kDa tetrahaem cytochrome that plays a central role in energy transduction. The three-dimensional structure of the ferrocytochrome at pH 8.5 was solved through twodimensional 1 H-NMR. The structures were calculated using a large amount of experimental information, which includes upper and lower distance limits as well as dihedral angle restraints. The analysis allows for fast-¯ipping aromatic residues and¯exibility in the haem plane. The structure was determined using 2289 upper and 2390 lower distance limits, 63 restricted ranges for the f torsion angle, 88 stereospeci®c assignments out of the 118 stereopairs with non-degenerate chemical shifts (74.6%), and 115 out of the 184 nuclear Overhauser effects to fastipping aromatic residues (62.5%), which were pseudo-stereospeci®cally assigned to one or the other side of the ring. The calculated NMR structures are very well de®ned, with an average root-mean-square deviation value relative to the mean coordinates of 0.35 A Ê for the backbone atoms and 0.70 A Ê for all heavy-atoms. Comparison of the NMR structures of the ferrocytochrome at pH 8.5 with the available X-ray structure of the ferricytochrome at pH 5.5 reveals that the general fold of the molecule is very similar, but that there are some distinct differences. Calculation of ring current shifts for the residues with signi®cantly different conformations con®rms that the NMR structures represent better its solution structure in the reduced form. Some of the localised differences, such as a reorientation of Thr24, are thought to be state-dependent changes that involve alterations in hydrogen bond networks. An important rearrangement in the vicinity of the propionate groups of haem I and involving the covalent linkage of haem II suggests that this is the critical region for the functional cooperativities of this protein.
Introduction
The functional cooperativity between different regions of certain proteins is a fundamental property for controlling and coordinating important chemical events in the living cell. Although the molecular basis for the ®ne regulation of several types of cooperativity mechanisms has been E-mail address of the corresponding author: xavier@itqb.unl.pt Abbreviations used: DvHc 3 , Desulfovibrio vulgaris (Hildenborough) cytochrome c 3 ; NMR, nuclear magnetic resonance; 2D, two-dimensional; 2D-successfully established (Perutz, 1990) , including redox-linked regulation in enzyme catalysis (Williams et al., 1997; Fu È lo È p et al., 1995; Fukuyama et al., 1995; Chen et al., 1994) , no unequivocal structural basis for the cooperativity involved in electronic to protonic energy transduction has been established. This is still the case for the tetrahaem cytochromes c 3 from Desulfovibrio spp., even though considerable progress has been made in rationalising their thermodynamic properties (Santos et al., 1984; Coletta et al., 1991; Turner et al., 1994 Turner et al., , 1996 Park et al., 1996; Louro et al., 1996; Salgueiro et al., 1997) and high-resolution X-ray structures are available for several cytochromes c 3 in the oxidised form (Higuchi et al., 1984; Czjzek et al., 1994; Matias et al., 1996; Simo Ä es et al., 1998) .
Tetrahaem cytochrome c 3 from Desulfovibrio vulgaris (Hildenborough: DvHc 3 ) is a small (14 kDa; 107 amino acid residues) soluble protein whose crystal structure in the oxidised state has been determined by X-ray diffraction (Matias et al., 1993; Simo Ä es et al., 1998) . Previous studies have shown that the four haem groups form a complex network of interacting redox centres, resulting in homotropic or redox cooperativity between their redox potentials (Turner et al., 1996) . The potentials are also dependent on solution pH, implying heterotropic or redox-Bohr cooperativity between their haem redox and protonation energies Turner et al., 1996) . Together, these properties give the protein the ability to transfer two electrons and two protons in a concerted step. When coupled to the oxidation of molecular hydrogen catalysed by hydrogenase, this mechanism results in transduction of electronic to protonic energy achieved in the absence of a membrane con®nement through a mechanism described as a proton thruster (Louro et al., 1996 (Louro et al., , 1997 .
The present study is part of a project aiming to understand the structural basis for the network of cooperativities in this protein. It is necessary, therefore, to obtain high-resolution structures of at least the fully oxidised and the fully reduced states of the protein in different protonation states in order to identify conformational changes. NMR is a particularly suitable technique for obtaining these structures, since variation of experimental conditions (pH, oxidation state) is usually straightforward. Since the process of assignment and structure calculation is better established for diamagnetic proteins, we decided to determine the solution structure of the reduced state before proceeding to the oxidised state. A pH of 8.5 was chosen in order to ensure that the cytochrome is in the basic form because the pK a of the redox-Bohr effect in the fully reduced state of DvHc 3 is 7.4 (Turner et al., 1996) . However, the high pH presents several problems for the assignment caused by the higher exchange rate of the labile protons.
Several strategies were employed in order to optimise and evaluate the quality of the structure.
Firstly, the measured NOEs were used to provide both upper distance limits (upls) and lower distance limits (lols). This ensures consistency between the input data and the proposed models, because the allowed range of distances between a pair of protons that give rise to a NOE is usually smaller than that allowed using only van der Waals radii as lols. If only upls are used, calculated structures may have protons in van der Waals contact even if no connectivity is found between them in the NOESY spectrum. The conversion of NOE intensities into distance restraints can never be exact, and is a possible source of distortions. In fact, no matter how precisely the intensities are measured, each pair of protons is affected differently by spin diffusion, additional relaxation mechanisms, and by mobility within the structure. Thus, the apparent cross-relaxation rates fall off more slowly with respect to distance than the limiting case of r À6 , which applies to an isolated pair of protons, and the exact function will be different for each pair of protons. Some allowance for spin diffusion may be introduced by reference to relaxation matrix calculations (Pfeiffer et al., 1997) , but these calculations are themselves approximate and address only part of the problem of calibration. Alternatively, the NOE intensities may be calibrated with respect to interproton distances in a self-consistent fashion, using a function that decreases more slowly than r
À6
. Inevitably, some intensities will be larger than expected, so that the upls obtained will be too restrictive and the lols will be excessively loose, and vice versa if an intensity is anomalously low. Extreme violations of upl, lol and van der Waals constraints can be avoided by calibrating upls and lols separately, so that they are not excessively restrictive. Clearly, there is an arbitrary compromise to be made between losing de®nition in the structures (expressed as the RMSD of a family of solutions) and producing structures with large constraint violations, but any distortion introduced by the calibration procedure should be detected by independent evaluation of the structure. However, we ®nd that the experimental errors of the measurements are the major source of anomalies in the calibration, and so relaxation of the constraints is the most appropriate treatment unless individual error bars can be obtained for the NOE intensities.
Secondly, the calculations allowed for¯exibility in the haem plane, since it has been found that the haem is non-planar in all highly re®ned X-ray crystal structures of c-type cytochromes and may be described variously as being ruf¯ed or saddleshaped (Moore & Pettigrew, 1990) . To account for this experimental observation,¯exibility was incorporated in the haem plane by allowing the torsion angles about the eight covalent bonds linking the pyrrole rings to the meso carbon atoms to vary, while the pyrroles are kept¯at and rigid. Finally, the distance restraints were modi®ed to allow for fast-¯ipping aromatic residues. The procedure adopted is based on the fact that, although the ring protons in aromatic residues are usually rendered equivalent by rapid 180 ¯i ps on the NMR timescale, the orientations of the ring planes are effectively determined (Wareham et al., 1995a,b) . In this way, each NOE can be pseudo-stereospeci®cally assigned to the corresponding protons in a manner analogous to that used for diastereotopic pairs, and the distance restraints to the aromatic residues can be made more restrictive.
Finally, in addition to standard tests such as Ramachandran plots, the structures calculated using this methodology are subjected to rigorous evaluation with respect to the large observed ring current shifts.
Results and Discussion
Sequence-specific assignment Although DvHc 3 (107 amino acid residues and four haem c) is quite large for analysis using only 2D-1 H-NMR experiments, the extent of spectral overlap is reduced because the haem groups give rise to large ring current shifts for many of the residues. Therefore, a near-complete proton assignment was possible without recourse to isotopic labelling. Amino acid assignment was performed using the classical approach described by Wu È thrich (1986) , assisted by the use of ring current shifts calculated for the X-ray structure of the ferricytochrome (Simo Ä es et al., 1998) The assignment of the remaining residues was seriously complicated by the absence of some of the NH resonances at high pH. It was useful to refer to spectra recorded at lower pH (pH 7.3), since the NH exchange rate is reduced and thus it was possible to observe some of the missing NH signals. In fact, 85% (88 out of 103) of the NH protons were observed at pH 8.5, while 91% (94 out of Figure 1 . Sequential connectivities involving NH, H a and H b protons in fully reduced cytochrome c 3 from Desulfovibrio vulgaris (Hildenborough) observed in the NOESY spectrum recorded in water at 303 K with 100 ms mixing time. The line thickness is indicative of the NOE intensity.
Solution Structure of Ferrocytochrome c 3 103) were observable at pH 7.3. About 20% of the NH protons give rise to NOEs that are signi®cantly stronger at pH 7.3 than at pH 8.5. A new set of sequential connectivities was observed between the residues in the fragments 58-62, 90-93 and 100-102. Some of the NH protons remained unobservable even at pH 7.3, and the assignment of these residues was based on connectivities to other assigned residues, in particular to the NH of the following residue where possible, and analysis of the preliminary calculated structures. This was the case for the remaining nine residues.
Apart from the propionate groups, the speci®c assignment of the four haem groups in the ferrocytochrome has been published (Turner et al., 1992) .
All of the resonances of the propionate protons have now been assigned, thus completing the assignment of the haem protons.
In total, 89% of all the protons in this protein were assigned. This corresponds to 95% of the protons after excluding exchangeable protons other than backbone NH. Of the total number of observed cross-peaks, 96% and 98% were assigned in the NOESY spectra recorded in H 2 O and 2 H 2 O, respectively.
Solution structure determination
A total of 3307 assignments was obtained for cross-peaks in the H 2 O and the 2 H 2 O NOESY spectra. Of this total, some could not be integrated because of excessive overlap and the measured integrals were converted into distance restraints, resulting in 2675 upls and 3114 lols. The number of lols is larger than the number of upls because it is impossible to obtain an upl from strongly overlapping NOEs, but the total volume of each cluster of overlapped peaks can be used to provide a lol for each of the peaks present in the cluster. Taking the volumes to be proportional to the inverse fourth power of the distance between the protons was found to be best suited for calibration using the program CALIBA. There is no sharp distinction between proton pairs that are``rigid'' or`m obile'', e.g. side-chains in the core of the protein may be less mobile than the backbone in exposed loops, and this function gave the best overall ®t. Furthermore, we found no signi®cant advantage in using additional conversion functions, other than for methyl groups. The calibration for upper and lower limits was made as restrictive as possible without giving rise to consistent and inexplicable violations larger than 0.2 A Ê . Even so, a few lols that involve partially saturated exchangeable protons were found by DIANA to be too restrictive, and for that reason they were not used in the structure calculations. Of all the calculated limits, 2289 upls and 2390 lols were found to be meaningful by DIANA; the remaining restraints were rejected either because they gave no additional structural restraint or because the distance between the protons is ®xed. A total of 69 3 J HNHa values was obtained experimentally, of which 63 were found to provide additional restraints on the f torsion angles by the program HABAS.
These restraints were used in the structure calculations with the program DYANA and each batch of calculated structures was checked for the existence of short distances (less than 2.5 A Ê ) between protons for which no NOE had yet been measured. If the expected NOE was not visible in a clear region of the spectra, a lol of 2.5 A Ê was introduced. This procedure led to the introduction of a further 50 lols and ensures that the calculated structures are consistent with the complete spectra and not simply with the cross-peaks that were assigned and integrated at the outset.
From the analysis of calculated structures using the program GLOMSA, 88 stereospeci®c assignments were generated out of the 118 stereopairs with non-degenerate chemical shifts (74.6%) and 115 out of the 184 NOEs to the fast -¯ipping aromatic residues (62.5%) were pseudo-stereospeci®-cally assigned to one or other side of the ring.
The number of NOE restraints per residue is shown in Figure 2 and detailed statistics of all experimental restraints derived from NMR data are given in Table 1 . An average of 42 NOE restraints per amino acid residue (20 upls and 22 lols) and 389 per haem residue (188 upls and 202 lols) was used. It is commonly thought that at least 20 distance restraints per residue are necessary to obtain highly resolved NMR structures (Cavanagh et al., 1996) . Zhao & Jardetzky (1994) have demonstrated that, although the precision of NMR structures depends largely on the number of restraints used in the calculation, it is relatively insensitive to the quality of the data. However, the accuracy of NMR structures does depend on the accuracy and precision of the input data. In this work, therefore, the largest possible number of precisely de®ned restraints has been used.
Six hundred DYANA conformers were calculated with the experimental restraints described above plus an additional 76 upls to ®x the haem geometry. Hydrogen bond restraints were not used in the structure calculations. Of the 600 calculated structures, the 20 structures with lowest target function values were selected as being representative of the solution structure of the protein. The atomic coordinates of these structures and the restraints used in structure calculation have been deposited at the Brookhaven Protein Data Bank and have been assigned the codes 1A2I and R1A2IMR, respectively.
A total of 96 hydrogen bonds was identi®ed in the family of 20 DYANA conformers with the program WHAT IF (Vriend, 1990) . Of these, 44 were present in at least 50% of the structures. The identi®ed hydrogen bonds correlate, in general, with slowly exchanging protons in the 2 H 2 O sample.
Quality analysis of the NMR structure models

Violation of structural restraints
The target function within the ensemble of the 20 best DYANA conformers ranges from 0.77 A Ê 2 to 0.93 A Ê 2 for the individual conformers (average value 0.89 A Ê 2 , range 20.9% from the lowest value). The value of the target function for each structure is represented in Figure 3 , together with the sum of the upls, lols, torsion angle and van der Waals violations as a function of the structure number. Note that the only term included in the DYANA force ®eld is a simple van der Waals repulsion and, hence, this term alone represents the intrinsic energy of the structure. There is a steep increase in the target function between structures 3 and 4, but the increase is smooth thereafter, which shows that the convergence of the structures to the global minimum is not ideal, in spite of using torsion angle dynamics. Nevertheless, the sum of the violations of all types of restraints increases only slightly across the ensemble of selected structures, and there is no consistent difference between the violations found in the best and worst of these structures. The complete statistics of violated restraints are given in Table 2 .
Precision of the calculated family of structures
The structures taken to represent the solution structure were superimposed using all heavy atoms. These structures are closely similar, with an average RMSD relative to the mean coordinates of 0.35 A Ê for the backbone atoms (N, C a and C H ) and 0.70 A Ê for all heavy-atoms ( Table 2 ). The precision of the structures was evaluated using two different approaches: RMSDs per residue with respect to the mean structure for global precision (Figure 4 ) and angular order parameters for local precision (data not shown). A detailed analysis of the precision within the family of DYANA conformers reveals that several regions are very well de®ned, with backbone RMSDs smaller than 0.3 A Ê and angular order parameters for f and c torsion angles larger than 0.9. This is observed for fragments 4-36, 44-53, 63-87 and 93-106 . These fragments correspond to regions with de®ned secondary structure elements (helices and b-sheets) or with haem-binding sites. The remaining residues are located in solvent-exposed loops or in the N and C terminus, and tend to be poorly de®ned, with large RMSDs and small angular order parameters for the backbone. In general, the number of NOE restraints for these residues is small ( Figure 2 ) and the number of unobservable NH protons is high (Figure 4) .
Interestingly, there are two residues in one of the poorly de®ned regions (Met55 and Lys58) for which the backbone RMSD is quite high but the angular order parameters for the backbone are also high. It appears that the local conformation of these residues is preserved despite forming part of a¯exible loop. Methionine 55 is particularly notable, because all of the angular order parameters for the side-chain torsion angles are greater than 0.9. In another region, Lys40, although having a very high global RMSD, also mantains its backbone conformation, since the angular order parameters for the backbone torsion angles are very high. The number of conformers within the family calculated without lols was calculated such that the range of target function variation is 20.9%, the range found within the family calculated with both upls and lols.
a In parentheses is indicated the percentage of residues with S(f) and S(c) > 0.9.
Agreement with the experimental data
The agreement of the NMR structures with the experimental data may be evaluated by different approaches. Firstly, they may be analysed in terms of violation of structural restraints, as discussed above. Provided that the assignments are correct, a strictly limited number of small violations indicates a high level of accuracy. Secondly, a peak list may be produced for all the protons that are closer than some chosen value and compared with the experimental peak list. A value of 2.5 A Ê was chosen, which is small enough to allow for possible damping of the NOE intensities due to mobility or saturation transfer from the solvent. The agreement between the two peak lists was very good even with the initial structures, and the 50 new lols introduced to account for``invisible'' NOEs gave further improvement (see Calculation of restraints in Materials and Methods). Thirdly, the calculated ring current shifts for the NMR structures may be compared with the observed ring current shifts to con®rm assignments. Figure 5 (a) illustrates the fact that the calculated ring current shifts for each proton in the best NMR structure agree very well with the observed ring current shifts. RMSD values were calculated between the observed ring current shifts of all protons of one particular residue and the ring current shifts calculated from the NMR structure for all residues of the same type; overall, the smallest RMSD was found for the corresponding residue in the structure. Furthermore, ring current shift calculations can be used to provide an independent test of differences found between the conformations of some residues in NMR and in the X-ray structures (Figure 5(b) ).
Ramachandran plots
Another criterion for the analysis of the quality of a structure is the interpretation of the deviation of the backbone torsion angles from ideality using a Ramachandran plot (Ramachandran et al., 1963) . The Ramachandran plot presented here ( Figure 6 ) was produced by the program PROCHECK-NMR. The analysis performed by this program considers all non-Gly, non-Pro and non-terminal residues. According to this analysis, 67.0% of the residues are located in the most-favoured regions, 27.8% in additional allowed regions, 2.9% in generously allowed regions, and 2.3% in disallowed regions ( Table 2 ). The introduction of¯exibility in the o peptide angle in the range suggested by did not improve the quality of the Ramachandran plot or reduce the number of residues in the disallowed regions . Average backbone and heavy-atom RMSD values per residue with respect to the mean structure of the best 20 DYANA conformers. Consensus secondary structure elements and average estimated accessibility per residue were calculated with the program PRO-CHECK-NMR (Laskowski et al., 1996) . Unobservable NH protons are represented by black squares. Figure 5 . (a) Calculated ring current shifts for the best NMR structure and model A of the X-ray structure versus observed ring current shifts for each proton. (b) Difference in the average scaled ring current shift errors for each residue between the best NMR structure and molecules A and B of the X-ray structure. Only well-de®ned residues, or parts of the residues, were considered in these calculations, since the best NMR structure may not be representative for less well de®ned regions.
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(results not shown). The residues falling in the disallowed regions do not have many NOE restraints, and for some of them the NH is not observable, which reduces the number of backbone restraints even further. The quality of the plot improves if only those residues with both S(f) and S(c) larger than 0.9 are included (Table 2) , in which case no residue is found in disallowed regions and only 0.4% of these residues appear in the generously allowed regions.
It is noteworthy that there are a few residues that have very high angular order parameters and do not fall in the most-favourable regions. These residues are mainly haem ligands. A PROCHECK-NMR analysis of haem ligands reveals that 49.1% of these residues are located in the most-favoured regions, 49.4% in additional allowed regions, 1.6% in generously allowed regions, and none in disallowed regions. Similar behaviour was observed for these residues in the X-ray structure (Simo Ä es et al., 1998), and we conclude that these local distortions of the backbone dihedral angles are a normal consequence of haem ligation (Gunasekaran et al., 1996) .
Tests of the methodology
Introduction of lower distance restraints
Three hundred structures were calculated with the same input as the structures calculated with exible haem groups but excluding lower distance restraints (lols). The convergence of the structures calculated in this fashion is considerably better than when lols are used, and 40,000 steps were suf®cient in MD simulation. An ensemble of 16 structures was chosen for the comparison, since it has the same range of variation in the target function as the 20 best conformers calculated with lols, i.e. 20.9% (Table 2) . As expected, the average target function value within the family calculated without lols is smaller than the corresponding value with lols.
The RMSD with respect to the mean structure decreases from 0.46 A Ê to 0.35 A Ê and from 0.82 A Ê to 0.70 A Ê for the backbone and heavy atoms, respectively, with the inclusion of lols. Figure 7 (a) displays the difference of the global RMSD per residue between the two families of structures. The inclusion of lols gives the largest decrease in global RMSD in the N-terminal region (residues 1 to 3), residues 39, 40, 44, 54, 55, 58, 59 , 101 and the C-terminal residue. The improvement in global precision is at least 0.3 A Ê for these residues and, in general, corresponds to an increase in the local pre- cision, measured by angular order parameters (results not shown). The largest decreases in the global RMSD occur for the heavy atoms of Lys40 (1.05 A Ê ) and Arg44 (0.85 A Ê ), whereas their backbone RMSD values remain essentially unaltered; these residues have a relatively small number of experimental restraints. However, for residues 88, 90 and 91, the effect of the inclusion of lols is to increase the global RMSD for both the backbone atoms and all heavy-atoms and, concomitantly, the angular order parameters decrease. Here, the lols seem to force the structure into several discrete conformations. The increased precision of the structure obtained with the addition of lols is to be expected, particularly in regions in which there are few restraints, but is not, in itself, a demonstration that the structure is more accurate. However, the use of lols clearly improves the de®nition of the structure and, hence, it can be evaluated more rigorously.
A total of 38 hydrogen bonds was identi®ed in at least 50% of the conformers family calculated without lols, which is to be compared with 44 found when lols were included. In general, the additional hydrogen bonds correlate with the regions in which the inclusion of lols gives the largest improvement in precision. The structures calculated without lols included over 50 examples of short interproton distances that should have produced observable NOEs; in fact, no measurable intensity was found in these cases and so the structures obtained without lols are fundamentally incompatible with the experimental data. The dihedral angle distribution in the Ramachandran plot also improves when lols are included in the structure calculation (see Table 2 ).
In conclusion, the careful introduction of lols improves the quality of the structures in terms of agreement of the models with the input experimental data, also reducing the deviation of the distribution of dihedral angles from the ideal values, and increasing the global and local precision. It should be noted that this comparison may have underestimated the advantage of using lols, since several of the stereospeci®c assignments used for these calculations could not have been obtained without using lols to provide restraints for overlapping cross-peaks, including the degenerate signals of fast-¯ipping aromatic groups. However, these stereospeci®c assignments were used in the structure calculation without lols.
Introduction of flexible haem groups
A further 300 structures were calculated with at, rigid haem groups in order to test the effect of introducing¯exible haem groups into the structure calculation. A comparison of the most relevant indicators of structure quality is presented in Table 3 . The convergence of the structures using¯at, rigid haem groups is considerably better, presumably because of the reduced number of torsion angles. Although only 300 structures were calculated, the 50 best structures had target functions that covered a range of only 16.9%, which is the range covered by the ten best structures calculated using¯exible haem groups. However, the increase in the absolute value of the minimum target function is much greater than might be expected for the loss of 32 variable torsion angles. This indicates that the distortion of the haem planes is signi®cant.
Removing the¯exibility of the haem groups results in an increase in the number of upl violations (Table 3) . Whereas the structures calculated with¯exible haem groups show no consistent upl violations larger than 0.2 A Ê , the structures with at, rigid haem groups show two such violations, both involving haem protons.
The global precision of the structures calculated with¯exible haem groups is similar to the precision of those calculated with rigid haem groups but the local precision is slightly worse if the haem molecules are kept rigid. In fact, the backbone angular order parameters of two residues and the side-chain angular order parameters of eight residues that were above 0.9 in the structures with exible haem groups, dropped below 0.9 when the haem groups were kept¯at (data not shown). Despite the computational dif®culties, the observation that haem groups are, in general, distorted in high-resolution X-ray structures shows that any solution structure of a haem protein that aspires to high resolution must account for¯exibility in the haem plane. Furthermore, the marked reduction in target functions obtained with¯exible haem groups indicates that the data used here are suf®-ciently precise to be sensitive to such distortions, which is discussed below.
Description of the NMR structure models Figure 8 depicts the backbone and the haem groups of the best 20 DYANA conformers of DvHc 3 . Both the backbone and the haem molecules, including the propionate groups, are, in general, very well de®ned. The propionate groups with greater conformational variability in the ensemble are those most exposed to the solvent.
The N-terminal region (residues 1 to 3) is highly variable in the NMR structures, probably because of the high solvent-accessibility (Figure 4) , which allows rapid amide proton exchange, thus decreasing the signal intensity and reducing the number of restraints. All the residues in this region present long-range NOEs. A two-stranded antiparallel b-sheet was found between the segments Leu9 to Met11 and Val18 to Phe20. The segment Leu9 to Phe20 forms a class 6:6 b-hairpin (Sibanda et al., 1989) . Although the loop of this hairpin contains six residues, it is well de®ned, probably due to the proximity of haem IV, which restricts the number of possible conformations. The ring proton resonances from Phe20 were broadened, approaching the very slow¯ip-ping regime in our experimental conditions, which is not surprising because the ring is inserted between the planes of haem I and the axial His25 of haem III. The segment de®ned by residues 21 to 28 forms a composite b-turn that is well de®ned, even though three of the residues Figure 8 . Stereo view of the backbone and haem groups of the 20 NMR structures of the ferrocytochrome at pH 8.5 (white) and of the available X-ray structures of the ferricytochrome at pH 5.5 (model A red; model B green: Simo Ä es et al., 1998). Superimposition was performed using all heavy-atoms. In this orientation haem II is at the top, haem III at the bottom, haem IV at the left and haem I at the right.
(Ser23, Lys26 and Ser27) have high solvent-accessibility (Figure 4) . The restriction in the conformation of the residues in this loop is probably related to the fact that two of them, His22 and His25, are axial ligands of haem I and haem III, respectively. This loop is followed by an a-helix comprising residues 29 to 34 (helix I), for which all of the expected hydrogen bonds were identi®ed. This helix includes the remaining three ligands of haem I (Cys30, Cys33 and His34), followed by His35, an axial ligand of haem II. Residues 36 to 40 are located in a region with high solvent-accessibility and, with the exception of Pro36, are not very well de®ned. This stretch forms a composite b-turn. A region of poor de®-nition follows, ending at Arg44, which contains the least well de®ned aromatic residue, Tyr43. Residues 45 to 53 form another well-de®ned composite turn (Figure 4 ). This loop is located between haem I and haem II, close to the propionate groups of haem I and includes the other ligands of haem II (Cys46, Cys51 and His52). Residues 56 to 62 form a composite turn that is badly de®ned in the NMR structures because of a lack of restraints. This could result from high solvent-accessibility, which explains the large number of unobservable NH protons in this segment.
Segment 64 to 68 de®nes a 3 10 -helix (helix II) for which the expected hydrogen bonds are observed. Residues 65 and 66 are tyrosine, which are fastipping on the NMR timescale but have wellde®ned orientations. The region de®ned by residues His67 to Lys77, which includes His70, one of the axial ligands of haem IV, is precisely de®ned and forms a composite turn. Residues Thr74, Lys75 and Phe76 are close to the propionate groups of haem II, and are stabilised by a network of hydrogen bonds to the haem propionate 17. Residues 78 to 88 form an a-helix (helix III), which is one of the best de®ned regions in this structure and includes the other ligands of haem III (Cys79, Cys82 and His83). A highly disordered, solvent-exposed loop follows that comprises residues 88 to 92. Residues 88 to 90 de®ne a type IV b-turn, and residues 91 and 92 form a classic g-turn. Segment 92-94 presents an a-helical conformation (helix IV) and the remainder of the sequence forms a long, wellde®ned turn that includes the other ligands of haem IV (Cys100, Cys105 and His106).
Comparison with X-ray structure models of the ferricytochrome
Comparison of the NMR structures of the ferrocytochrome at pH 8.5 with the available X-ray structures of the ferricytochrome at pH 5.5 (Simo Ä es et al., 1998) reveals that the general fold of the molecule as well as the relative position of the four haem groups is closely similar (Figure 8 and Table 4 ). The global RMSD values of the mean NMR structure to molecule A and molecule B of the unit cell of the crystal are 0.93 A Ê and 1.08 A Ê for the backbone and 1.47 A Ê and 1.59 A Ê for all heavyatoms, respectively. Most of the consensus secondary structure elements identi®ed in the NMR structures are common to the X-ray structures. Nevertheless, a detailed comparison of the NMR and X-ray structures reveals several differences (Figures 7(b), 8 and 9 ). Figures 7(b) and 8 show that the major differences in the backbone conformation occur in some of the most exposed and illde®ned regions: the N terminus (residues 1 to 3) and the loops comprising residues 37 to 43 and 88 to 92. However, a number of well-de®ned residues in the NMR structures exhibit conformations that are signi®cantly different from both X-ray structures.
As a result of the high haem to polypeptide ratio of cytochrome c 3 , the majority of the amino acid protons experiences signi®cant ring current shifts. The average deviation between the experimental and calculated ring current shifts therefore provides an independent method for testing the accuracy of the NMR structure models, although residues far from the haem groups, in particular those on the surface, have small shifts and this method is then less sensitive. It is most unusual to have such an opportunity, and this approach will be used extensively in this section.
The calculated ring current shifts for both the best NMR and X-ray structures are very similar to the observed ring current shifts (Figure 5(a) ). Figure 5 (b) depicts the difference in the average scaled ring current shift errors for each residue between the best NMR structure and molecules A and B of the X-ray structure. Only the well-de®ned residues, or parts of the residues, were considered, since the best NMR structure may not be representative for less well de®ned regions (see Precision of the calculated family of structures, above). This analysis shows that the overall agreement is slightly better for the NMR structure, but the essential purpose of these calculations is to evaluate localised regions in which the structures differ signi®cantly.
In the segment de®ned by residues 7 to 20, the backbone RMSD between the best NMR and X-ray structures is relatively small, with the exception of Asp7 (Figure 7(b) ). The b-hairpin comprising residues 9 to 20 found in the NMR structures exists in Solution Structure of Ferrocytochrome c 3 both X-ray models. However, the b-turn comprising residues 14 to 17 is of type VIII in the X-ray structures, whilst in the NMR structures it is of type IV. In the NMR structures, the normal pattern of hydrogen bonding in the b-hairpin is disturbed by the lack of a hydrogen bond between Leu9 NH and Phe20 CO. As a result, Phe20 forms a typical type G1 b-bulge with the dipeptide 8-9. This b-bulge is not observed in the X-ray models. Overall, the ring current shifts of the residues in the segment 7-20 calculated from the NMR structure, in particular those of the residues de®ning the b-hairpin, agree much better with the observed ring current shifts than do those calculated from the X-ray structures. Concerning the region de®ned by residues 21 to 28, the backbone RMSD between the best NMR and the X-ray structures is very small. A composite b-turn was identi®ed in the segment 21-25 of the NMR structure but a 3 10 -helix is found in both X-ray structures. Residue Thr24 is particularly interesting because its side-chain orientation differs by approximately 120 between the NMR and X-ray structures (Figure 9(a) ). In the conformation observed in the NMR structures, it is not possible to form three of the hydrogen bonds that involve Thr24 in both X-ray Figure 9 . Localised differences between the NMR structures of the ferrocytochrome at pH 8.5 (white) and the X-ray structures of the ferricytochrome at pH 5.5 (model A red; model B green). (a) Stereo view of Thr24 and haem III. In the NMR structures the Thr24 side-chain is rotated by approximately 120 in relation to both X-ray structures. The hydroxyl oxygen atom of Thr24 is indicated in the NMR structure (white) and model A of the X-ray structure (red). (b) Stereo view of Arg44, Lys45, Cys46, Gly47 and haem I. In the NMR structures these amino acid residues are systematically closer to haem I and the propionate groups have different conformations. Superimposition was performed using all the carbon atoms of the haem macrocycle but excluding those of the substituents. . Also, the Thr24 hydroxyl proton was not observed in the NMR spectra, which indicates that it is in fast exchange with the solvent protons and is not hydrogen bonded. Assuming that the X-ray models are an accurate representation of the conformation of Thr24 in the oxidised cytochrome, then the reduced form is destabilised by the loss of three hydrogen bonds. It is possible that the formation/breakage of hydrogen bonds involving either propionate 17 or His25 (an axial ligand of haem III) may be important in controlling the redox potential of haem III in this protein. Oxidation state-dependent conformational changes that involve propionate groups and realignment of the hydrogen bonds formed with it have been observed in several other cytochromes (Moore et al., 1986; Berghuis & Brayer, 1992; Banci et al., 1997a,b) . In relation to the ring current shifts of the residue 21 to 28 stretch, two residues have large differences between the NMR and the X-ray structures, Thr24 and Lys26. The calculated ring current shifts are in much better agreement with the Thr24 side-chain conformation in the NMR structure ( Figure 5(b) ). By contrast, the average scaled ring current shift errors are smaller for the conformation of Lys26 in the X-ray structures, but this residue has large B-factors in both X-ray models and the terminal atoms of the side-chain are not observed in molecule A, so the improved agreement with the X-ray structures may be fortuitous.
The RMSD between the mean NMR structure and both X-ray structures increases slightly in the segment from residue 29 to 36 (Figure 7(b) ). The difference is apparent also in the secondary structure elements: residues 29 to 34 form an a-helix in the NMR structures, with an inverse g-turn comprising residues 33 to 35, while residues 29 to 33 de®ne a 3 10 -helix with a type IV b-turn for residues 32 to 35 in the X-ray structures. Although the differences are small, the calculated ring current shifts suggest that molecule B in the X-ray structure provides the most accurate representation of this segment.
Analysis of the region comprising residues 44 to 53 reveals a systematic difference between the NMR and the X-ray structures, since the backbone RMSD is generally high (Figure 7(b) ). The backbone of residues 44 to 47 is, on average, 2.5 A Ê closer to haem I in the NMR models of the ferrocytochrome (Figure 9(b) ), and the average scaled ring current shift error is signi®cantly smaller for the NMR structure of the reduced state ( Figure 5(b) ). This rearrangement does not affect the distance between propionate 17 of haem I and the Lys45 amino group, which remain close to each other. Furthermore, the hydrogen bond between Cys46 NH and carboxylate oxygen atoms of propionate 13 of haem I, which is present in both X-ray structures, is preserved in the NMR structure through a change in the conformation of the propionate. These conformational modi®-cations are discussed further in relation to the functional cooperativities of DvHc 3 .
The backbone of residues 63 to 72 in the NMR structures is well de®ned and has a small RMSD with respect to the X-ray structures. Nevertheless, helix II in the NMR structures, comprising residues 64 to 68, is of the type 3 10 , whilst in the X-ray structures a longer a-helix includes residues 64 to 71. The calculated ring current shifts show an increasing preference for the X-ray structures, which could be associated with a small change in the relative position of haem II (Table 4) and deserves further discussion.
The haem groups are very well de®ned in the NMR structures (Figures 8 and 10) , although a few of the propionate groups show some conformational disorder that is, in general, related to higher solvent exposure. The iron-iron distances found in the NMR and X-ray structures are similar, but there is a clear tendency to shorter distances in the NMR structures (Table 4 ). This may be viewed as a movement of haem II and, to a lesser extent, of haem I towards haem III and haem IV, since the distance between these last two is unaltered. Although this could be a real phenomenon, the localised deviations in calculated ring current shifts of residues between haem II and haem IV (65 to 71) suggest that this represents a small distortion in the NMR structure. It is not surprising that the position of haem II in the NMR structures is subject to distortion, since its binding sequence is anked by two loops that, together with the haem edge from the second Cys residue to propionate 13, are highly exposed to the solvent (Figure 4) . Furthermore, on the other edge of the haem, although it has a large number of restraints to the nearby residues, several of the cross-peaks are overlapped, so that some of the stereospeci®c assignments could not be obtained. In particular, the nearby His67 H d2 and H a , Val68 H a and g protons and Met69 NH, b and e proton resonances are strongly overlapped and, although in some cases it was possible to obtain a upl, this could lead to cumulative errors. Furthermore, the stereospeci®c assignment of the Val68 methyl g1 and g2 protons and the corresponding restraints were obtained using spectra at lower temperature, where the methyl groups are non-degenerate. It was also impossible to assign stereospeci®cally the His67 b protons, Met69 g protons and Asp71 b protons because they were degenerate, which weakens the restraints to the nearby protons. A distortion of this type may also be viewed as an anisotropic compression of the structure and this might reveal a fundamental limitation in the methodology that would not be apparent in less well resolved structures. Both simulated annealing and direct minimisation produce structures at an implicit temperature of absolute zero, in which even the orientations of the methyl groups are frozen and, hence, the structures are likely to be conSolution Structure of Ferrocytochrome c 3 tracted. It should be noted that minimisation after annealing had a negligible effect on the Fe-Fe distances. It is impractical to generate time averages of restrained molecular dynamics for every structure, but it may be possible to overcome the problem by modifying the form of the repulsive van der Waals interactions. In general, there may also be problems if structural water molecules are not included, but there are only two of these found by X-ray diffraction in the hydrophobic core of DvHc 3 .
The region comprising residues 73 to 88, which includes the binding site of haem III, is very well de®ned in the NMR and the X-ray structures. The backbone conformation of these residues is very similar in the two structures (RMSD < 1 A Ê ), both of which form a-helices involving residues 78 to 88.
The ring current shift calculations show no systematic preference for either structure.
The ®nal stretch of the sequence includes the binding site of haem IV. The RMSD between the X-ray and NMR structures is somewhat larger for the main chain of residues 93 to 97 than in the other well-de®ned regions and a helix spans residues 90 to 99 in the X-ray structure but includes only residues 92 to 94 in the consensus NMR structure, though this helix extends to residues 90 to 97 in some of the individual structures. The charged residues Lys93 and Lys104 move towards propionate groups of haem III and, again, the observed ring current shifts of these residues are better predicted using the NMR structure conformation than the X-ray structure conformation. Finally, it is signi®cant that the haem puckers in the NMR structures agree quite well with those in the X-ray structures (Figure 10 ). This is the ®rst example, to our knowledge, of a solution structure calculated with¯at, or randomly distorted, haem groups as the starting point and, therefore, there was no bias.
Structural basis for the functional cooperativity of DvHc 3
The pK a of the redox-Bohr effect of DvHc 3 changes from 7.4 in the fully reduced state to 5.3 in the fully oxidised state and its magnitude indicates that the protonation centre is in the region of the propionate groups of haem I (Turner et al., 1994 (Turner et al., , 1996 . An analogous situation was observed for the homologous cytochrome from D. vulgaris (Miyazaki F: Park et al., 1996; Salgueiro et al., 1997) . Recent theoretical studies (Soares et al., 1997 (Soares et al., , 1998 also suggested that a redox-linked conformational change of haem I propionate 13 is the most likely candidate for the redox-Bohr effect, and that it could even be responsible for the positive cooperativity observed between haem I and haem II (Turner et al., 1996) . Superimposition was performed using all the carbon atoms of the haem macrocycle but excluding those of the substituents.
Solution Structure of Ferrocytochrome c 3
As mentioned before when comparing the X-ray structure of the ferricytochrome with the NMR structure of the ferrocytochrome, there is a localised movement of the backbone of residues 44 to 47 towards the propionate edge of haem I (Figure 9(b) ). Spectra obtained at pH 7.6 and pH 7.3 show that Cys46 NH and the protons from both propionate groups of haem I experience chemical shift variations in the pH range close to the pK a of the reduced state. Also, the decrease of the Cys46 NH chemical shift (0.17 ppm) is consistent with the breakage of its hydrogen bond to propionate 13 (Wu È thrich, 1986). These observations clearly support the previous suggestions that the propionate substituents of haem I are directly involved in the cooperativity mechanism of DvHc 3 . Indeed, segment 44-47 includes Lys45, which forms a saltbridge with propionate 17, and Cys46, whose NH is hydrogen bonded to propionate 13. A concerted movement of these two residues could explain the coupled two-proton transfer step (Louro et al., 1996) observed for the redox-Bohr cooperativity. Furthermore, since Cys46 is covalently bound to haem II, this movement could also be responsible for the positive cooperativity between haem I and haem II. The architecture of the region that includes haem I (with its two propionate groups), Lys45, Cys46 and haem II should then constitute the basic structural motif for the functional network of cooperativities governing the 2e À /2H concerted step crucial for the energy transduction achieved by this protein (Louro et al., 1997) .
Concluding Remarks
Extensive assignment of the proton spectra of the fully reduced DvHc 3 at pH 8.5 (95% of the protons, i.e. all non-exchangeable protons and the exchangeable NH protons of the backbone) and careful quantitative analysis of the experimental NMR data enabled us to determine a high-quality structure of the protein in solution.
This work shows that the inclusion of lower distance restraints has signi®cant advantages in the utilisation of information from overlapped or degenerate NOESY cross-peaks, which would otherwise be discarded. Furthermore, this facilitates the process of pseudo-stereospeci®c assignment used for fast-¯ipping aromatic groups.
A detailed comparison with the available X-ray structures of the ferricytochrome was performed, showing that it is possible to determine such detailed features as haem plane distortion with good accuracy. However, since the method of determining structures in solution relies on shortrange interactions, distances on the scale of the protein diameters are susceptible to cumulative errors (cf. distance between haem II and haem IV in Table 4 ). This effect might not be signi®cant for a structure of lower resolution, but its observation here should allow the methodology to be improved still further. Comparison of calculated ring current shift errors showed that the localised structural differences found between the X-ray and the NMR structures very probably re¯ect genuine differences between the true crystal structure of the fully oxidised form of DvHc 3 at pH 5.5 and the true solution structure of its fully reduced form at pH 8.5. There is evidence that these differences are related to the redox-Bohr and redox cooperativity effects observed in DvHc 3 : this study is an important step towards elucidating its mechanism.
Materials and Methods
Sample preparation
Cytochrome c 3 from D. vulgaris (Hildenborough) was puri®ed as described (LeGall et al., 1971 The pH values determined are direct meter readings without correction for the isotope effect. The ®nal protein concentration was approximately 2 mM. An antibiotic cocktail (70 mM ampicillin, 50 mM kanamicin, 50 mM chloramphenicol) was added in order to prevent bacterial growth.
NMR spectroscopy
1 H-NMR spectra were obtained on a Bruker AMX-500 spectrometer equipped with a 5 mm inverse detection probe head with internal B 0 gradient coil. The sample temperature was controlled using a Eurotherm 818 temperature control unit with a B-CU 05 cooling unit.
One-dimensional spectra (32 k data points per free induction decay) were acquired using an approximate 45 ¯i p angle, a one second recycle delay and water presaturation with a sweep-width of 16 ppm (8 kHz) or 60 ppm (30 kHz). Spectra acquired with larger bandwidth were used to con®rm that the protein was fully reduced. Typically, 128 scans were added for each spectrum and processed with an exponential window function with 1 to 10 Hz line-broadening prior to Fourier transformation.
Assignments were performed using spectra of samples at pH 8.5 acquired at 303 K, but additional spectra were obtained at 283 K and 293 K to help resolve peak overlap and at pH 7.3 (303 K) to check sequential assignment in the solvent-exposed loops. All 2D spectra were acquired in the phase-sensitive mode by the States-TPPI method (Marion et al., 1989) collecting 4096(t 2 ) Â 1024(t 1 ) data points to cover a sweepwidth of 8 kHz, with 32 scans per increment. NOESY spectra were acquired with mixing times of 40, 50, 70 and 100 ms (Jeener et al., 1979; Brown et al., 1988) . NOESY spectra of the 2 H 2 O sample were recorded with standard pulse sequences with continuous lowpower water presaturation during the relaxation delay (at least 1.3 seconds) and the mixing time. NOESY spectra of the H 2 O sample were recorded using a sequence with presaturation of the water resonance by a composite 180 inverse pulse followed by a SCUBA sequence to facilitate recovery of potentially saturated a-protons (Brown et al., 1988) . Total correlation spectra were acquired using the clean TOCSY pulse sequence (Briand & Ernst, 1991) with spin-lock times of 40 and 60 ms. COSY (Marion & Wu È thrich, 1983) and DQF-COSY spectra were also recorded (Rance et al., 1983; Derome & Williamson, 1990) . Raw data were multiplied in the F 2 dimension by a Gaussian function with line-broadening of À5 Hz and gaussian broadening of 0.05, and by a pure cosine-squared function in the F 1 dimension, except for the COSY spectra that were multiplied by a pure sine-squared function in both dimensions. The 2D spectra were typically processed to a ®nal size of 2 k Â 1 k data points, except COSY spectra used for assignments, which were processed with 1 k Â 1 k data points, and the NOESY spectra used for volume integration, which were processed with 2 k Â 2 k data points. The COSY spectrum used to obtain the 3 J HNHa coupling constants was processed with 8 k Â 2 k data points. Polynomial baseline corrections were applied in both dimensions of each spectrum. Data were processed using XWIN-NMR software (Bruker, Rheinstetten).
Proton chemical shifts are referenced to the resonances of the methyl groups in DSS designated at 0.0 ppm.
Assignment and integration
The software package XEASY (Version 1.2; ETH, Zu È rich; Bartels et al., 1995) was used for assignment and volume integration of NOESY cross-peaks. All NOEs were measured at 303 K in the 100 ms NOESY spectra in H 2 O and 2 H 2 O at pH 8.5. The NOESY spectra at lower pH or at lower temperature were used to con®rm sequential assignments. The NOESY spectrum at lower temperature was also used to determine the ratio of individual contributions to some NOEs that were completely overlapped at 303 K but were resolved at 283 K or at 293 K.
Integration was performed with the routines available in XEASY, either by manual integration for isolated peaks or with line-shape integration for overlapped peaks. In order to achieve good quantitative estimates of peak volumes, the baseline was determined around each individual peak (or cluster of peaks) and used to correct the peak volume (or the volume for a cluster of peaks).
Calculation of restraints
Volumes of NOESY cross-peaks that involve exchangeable protons in the spectrum of the H 2 O sample were measured on one side of the spectrum only: several of these peaks were found to be weaker on the side of the diagonal for which the exchangeable proton frequency appears in F 1 because the evolving signal may be reduced by saturation transfer from the solvent. Before calibration, the volumes of cross-peaks assigned to exchangeable protons were also corrected for the percen H 2 O as solvent. A single scaling factor for the ratio of the volumes in these spectra was obtained by dividing the sum of the volumes of all assigned and integrated peaks involving nonexchangeable protons in water by the sum of the corresponding volumes in the 2 H 2 O spectrum. Furthermore, the volumes of the peaks assigned to protons separated by ®xed distances, and all intrahaem cross-peaks except those involving the propionate groups, were excluded.
NOESY cross-peak intensities were converted into upls and lols using the program CALIBA (Gu È ntert et al., 1991) with the modi®cation that pseudo-atom corrections are set negative for lols. The atoms and the pseudo-atoms of the non-standard fragments used in the calculations (see the next section for details) were introduced into the program. Separate calibration curves were used for upls and lols in order to avoid excessive restriction, such that a given volume would be converted into an upl roughly 50% greater than the corresponding lol. Two separate calibration classes were de®ned both for upls and lols: one for NOEs involving non-methyl protons and another for NOEs that involved one or more methyl groups.
The experimental distance restraints calculated by CALIBA for non-stereospeci®cally assigned protons were modi®ed using the earlier program DIANA Version 2.1 (Gu È ntert, 1992) . The experimental distance restraints were then used as input to generate protein conformers by using the new program for restrained molecular dynamics with simulated annealing, DYANA Version 1.4 (Gu È ntert et al., 1997) .
Initially, only upls were used in structure calculation, with the distances calibrated approximately by using the volumes of NOE cross-peaks between protons separated by ®xed distances. The preliminary structures were used to evaluate the scaling factors for the volume to distance conversion for each class by plotting the logarithm of the volumes against the logarithm of the distances in the structures. This procedure was repeated each time a new batch of structures was calculated. When the structures had been re®ned using upls alone, lols were introduced with scaling factors determined in a fashion similar to that used for upls. However, in order to avoid distorting the structures through excessively restrictive lols for protons in¯exible regions of the protein, or solvent-exposed exchangeable protons, the complete set of lols was kept quite loose.
Where possible, f torsion angles were calculated from 3 J HNHa coupling constants using the program HABAS, with the following parameterisation (Gu È ntert et al., 1989) :
Stereospeci®c assignments were obtained with the aid of the program GLOMSA (Gu È ntert et al., 1991).
Solution Structure of Ferrocytochrome c 3
Definition of the non-standard fragments used in structure calculations
The standard topology ®les were modi®ed for fastipping aromatic residues and a haem residue was built as an extension of the second Cys residue in each haembinding site, in such a way as to allow¯exibility in the haem plane (Turner et al., 1998) .
The fast-¯ipping aromatic residues are identical with the standard library fragments, except that four extra pseudo-atoms are de®ned, HQD1, HQD2, HQE1 and HQE2, which have coordinates identical with HD1, HD2, HE1 and HE2, respectively. Initially, all but one of the cross-peaks to the ring protons were assigned arbitrarily to one side of the ring using the original atom labels, which, since they are not stereospeci®cally assigned, automatically generate loosened upl restraints, whereas the lols are applied directly to the protons in each equivalent pair. One strong NOE was chosen that was assigned to the respective pseudo-atom, for which the distance restraints are used without adjustment. Since the proton giving rise to the strong NOE to the ring protons must be close to just one side of the ring, this effectively de®nes the labelling with respect to a static ring orientation. The remaining NOEs were then assigned individually to the corresponding pseudo-protons in the course of structure re®nement in a manner analogous to that used for diastereotopic pairs.
The haem groups were included in the structure calculations through the addition of an arti®cial amino acid residue to the residue library which consists of a Cys residue whose S atom is connected to the haem CAC atom (IUPAC C8   1 ). The haem topology was constructed using a zeta-matrix with the AMBER force®eld parameters for a haem with two axial ligands (Cornell et al., 1995) . The zeta-matrix was built up starting from the iron atom and moving towards each of the pyrroles and its substituents so as to minimise build-up of cumulative errors. The porphyrin model structure thus generated for the fragment library is perfectly¯at. A special covalent bond is de®ned to link the haem to the ®rst Cys residue in each haem-binding site. The haem iron atom is represented by a pseudoatom that is included in both His ligands and the hexacoordinate geometry of the iron was achieved by imposing upls of 2.80 A Ê between the haem pyrrole nitrogen atoms and the N e2 atom of the axial His residues, 2.10 A Ê between the pyrrole nitrogens and the iron pseudo-atoms, and 0.1 A Ê between the two pseudo-atoms of the two His ligands. The haem is able to¯ex through torsion angles about the bonds that link the pyrroles to the meso carbon atoms, the pyrroles themselves being kept¯at and rigid. The macrocycle is closed by a special covalent bond between CHC and C1C (IUPAC C5 and C6, respectively) with pseudo-atoms and 0.1 A Ê upl restraints. In total, 19 extra upls are de®ned in this design of the haem and it has suf®cient¯exibility to reproduce the full range of haem distortions found in X-ray structures.
Restrained torsion angle dynamics with simulated annealing
The default parameters for simulated annealing in the DYANA program required modi®cation, since the structure calculation is very demanding because of the intricacy of cross-linking imposed by the haem groups in this protein, even though a large number of restraints was used in the calculation (an average of 42 restraints per residue). In fact, the four bulky haem residues in the core of the protein and their de®nition, with eight extra torsion angles to allow for¯exibility and 19 extra upls with added weight to keep the geometry of the haem within a reasonable range, make it dif®cult to achieve convergence in the structure calculations. The number of steps for the initial conjugate gradient minimisation of the random structure was increased to 500 to remove strong overlaps and the time step used for the MD simulation was half of the default value (Kirkpatrick et al., 1983) . The structures were annealed with a total of 80,000 steps, of which 3000 were used for the high-temperature MD. The weighting of van der Waals repulsions was then increased to 2.0 for a further 4000 steps of conjugate-gradient minimisation, followed by MD simulation at constant temperature and another 2000 steps of conjugate-gradient minimisation.
Since the pH of the sample (pH 8.5) was quite high when compared with the pK a of carboxylic groups in model peptides (Bashford & Karplus, 1990 ) and haem propionate groups (Moore & Pettigrew, 1990) , they were treated as deprotonated forms.
Structure analysis
The structure analysis, including Ramachandran plots, deviation from ideal structural parameters and solvent accessibility was performed with both PROCHECK Version 3.4.4 (Morris et al., 1992; Laskowski et al., 1993) and PROCHECK-NMR programs Version 3.4.4 (Laskowski et al., 1996) . Superimposition, visual inspection and drawing of the various families was accomplished with the program MOLMOL Version 2.4 (Koradi et al., 1996) . Identi®cation of possible hydrogen bonds in the DYANA family of conformers and in available X-ray structures of the ferricytochrome (Simo Ä es et al., 1998) was performed with the program WHAT IF Version 5.0 using the default parameters (Vriend, 1990) . Since the hydrogen atoms are not visible in X-ray models, positioning of hydrogen atoms in these models was accomplished by optimising hydrogen bond networks (Hooft et al., 1996) . Identi®cation and classi®cation of the consensus secondary structure elements in the NMR structures ensemble was accomplished with the program PROMOTIF Version 2.0 (Hutchinson & Thornton, 1996) .
Ring current shift calculations
The proton ring current shifts were calculated using the method of Johnson & Bovey (1958) with parameters for the eight-loop model of the haem taken from Cross & Wright (1985) . Elliptic integrals were calculated using the subroutine CEL (Press et al., 1989) .
Ring current shifts were calculated for the best NMR structure and for the two molecules of the unit cell of the available X-ray structure of the ferricytochrome (Simo Ä es et al., 1998). Ring current shifts were determined as the difference between the observed chemical shifts and random coil chemical shifts (Wishart et al., 1995) . This approximation holds fairly well (range AE0.2 ppm) in a diamagnetic protein for protons not involved in hydrogen bonds, which may cause a large deviation from the random coil shift. For this reason, exchangeable protons were excluded from the calculations.
